We studied the organization, diversification and clinical significance of the immunoglobulin light chain (IgL) variable region genes expressed in 17 -chain and 16 -chain producing multiple myeloma (MM) samples. The V genes from 31 MM samples had over 84.9% homology to the known germline V/ genes, whereas one V and one V gene had only 75.5% and 65.9% homology, respectively. While all five J segments were equally used, only J-1 or J-2/3 was used among seven J segments. N nucleotide addition was found at two V-J and five V-J junctions. The -chain complementarity determining region (CDR)-3 was longer and more variable than the -chain CDR-3 mainly due to junctional flexibility of V and J segments. Somatic mutations were more frequent in the J than the J segments, and were distributed in the CDR-3 as well as the frame work region (FWR)-4. Those of the J segments, however, were limited to FWR-4. In FWR-4, replacement mutations were clustered at codon 106 of -chain and 103 of -chain. Thus nucleotide mutation or conservation was dependent on position, indicating a structural necessity of IgL for the development of myeloma cells in addition to a non-random distribution of mutations. There was no characteristic IgL sequence according to the isotype of M-protein, clinical stage or renal complication.
Introduction
Immunoglobulin (Ig) molecules are composed of a unit that consists of two identical heavy chains (IgH) and two identical light chains (IgL). Amino-terminal domains of the IgH and IgL are highly varied and pair to form the antigen-binding site. The enormous diversity of each chain is derived from the assortment of a particular V, (D in the heavy chain), and J gene segment, junctional diversity, N nucleotide addition and somatic mutations. [1] [2] [3] Ig gene rearrangements occur in a nonrandom fashion during early B cell development. 4 Usually the IgH loci rearrange prior to the IgL loci. Successful V H -D-J H gene rearrangement in either of the two IgH alleles, which leads to expression of protein with surrogate light chain on the cell surface, suppresses further rearrangement in the IgH locus (allelic exclusion), and initiates the rearrangement of the IgL loci. 5 In mammalian cells, there are two isotypes of IgL molecules: kappa () and lambda (). A mature B cell expresses either isotype (isotypic -exclusion). Previous studies have demonstrated that the -loci rearrange earlier and/or more frequently than the -loci during B cell development. However, analysis of -locus-disrupted mice has shown that rearrangements of the -loci are not essential for those of the -loci. the usage of V H , D, and J H segments, the degree of N nucleotide addition, and the rate of somatic mutations. [7] [8] [9] [10] [11] [12] [13] However, little is known of the organization and diversification of the IgL variable region gene on -chain. On the other hand, multiple myeloma (MM) has a variety of clinical features relating to clinical stage, prognosis and complication.
14 Because renal dysfunction in MM reportedly depends on the physicochemical character of the Bence-Jones protein (BJP), 15 the IgL sequences expressed in MM may have clinical significance in this disease.
In this study, we determined the IgL variable region sequences from 17 -chain and 16 -chain producing MM samples by means of the reverse-transcriptase polymerase chain reaction (RT-PCR) method, and analyzed their organization, diversification and association with each respective IgH variable region sequence and clinical features.
Materials and methods

Patients and MM samples
The clinical features of MM patients are summarized in Table 1 . Clinical staging was classified according to the criteria of Durie and Salmon.
14 None of the patients had received any chemotherapy before sample collection. After obtaining informed consent, BM samples were collected from 33 MM patients; 17 -chain and 16 -chain type. Mononuclear cells were separated by Ficoll-Hypaque density gradient centrifugation from the BM samples.
Sequencing of the IgL variable region gene
Total cellular RNA was prepared from the mononuclear cells using the guanidium isothiocyanate/cesium chloride method as described. 16 cDNA was synthesized from the total RNA using oligo d(T) priming and Moloney murine leukemia virus reverse transcriptase (SuperScript II; GIBCO BRL, Gaithersburg, MD, USA) according to the manufacturer's recommendations. The -or -chain variable region genes were amplified by polymerase chain reaction (PCR) using consensus V and C primers, or consensus V and C primers. Each primer was synthesized according to the consensus sequence at the 5Ј portion of the respective exon, which was determined from published germline sequences, and contained XbaI sites in the consensus V and V primers or HindIII sites in the consensus C and C primers, to allow ligation of the amplified fragments into recombinant vectors; consensus V : 5Ј-GGTCTAGATGAC(C/G)CAG(T/A)CTCCA-3Ј, consensus V: 5Ј-AGTCTAGA(T/C)TGAC(T/G)CAG(G/C)(C/A)(G/C)CC(C/T)T-3Ј, C: 5Ј-GGAAGCTTAAGACAGATGGTGCA-3Ј, and consensus C: 5Ј-CAAAGCTTGG(T/C)GGGAACAGAGTGA-3Ј. The amplified fragments were separated on 8% polyacryl- 39 respectively. Since the variable region sequences in AK6 and DL1 had less than 80% homology to the known germline counterparts, they were excluded from the analysis on mutation. P, positive; N, negative; ND, not done; amide gels in TBE buffer (90 mM Tris-borate, 2 mM EDTA: pH 8.0), and were removed from the gels by the crush and soak procedure. The isolated fragments were digested with XbaI and HindIII restriction endonucleases (Boehringer Mannheim Yamanouchi, Tokyo, Japan), and ligated to the M13mp18/19 phage vector (Boehringer Mannheim Yamanouchi). The ligated materials were transfected into Escherichia coli strain JM 109. More than 10 recombinants per clone were picked up and cultured in 2 × TY medium (16 g/l Bacto-tryptone; Difco Laboratories, Detroit, MI, USA, 10 g/l Bacto-yeast extract; Difco Laboratories, 5 g/l NaCl). Singlestranded phage DNA was prepared from these cultures, and was sequenced using the fluorescein-conjugated universal primer on a DNA sequencer (373-A; Applied Biosystems, Foster City, CA, USA) according to the manufacturer's instructions. The sequence data of each clone were confirmed if all sequences from each recombinant plaque were identical. V, J, V, and J gene segments were assigned according to the published germline sequence data. The germline counterparts of the V/ genes were determined using sequence analysis software (DNASIS; Hitachi Software Engineering, Yokohama, Japan) with the GenBank database.
Results
We analyzed the IgL variable region gene sequences from 17 -chain type MM, isotypes of which were IgG in seven, IgA in six, IgD in one and BJP in three, and 16 -chain type MM, isotypes of which were IgG in seven, IgA in three, IgD in three and BJP in three. Both primer pairs used in this study represented a single amplified band on each sample. Monoclonality of each amplified product was confirmed by sequence analysis. All analyzed sequences had no intraclonal variations, and neither a stop codon nor frame-shift. Deduced amino acid sequences are shown in Figure 1 .
Usage of the V and V genes All -chain variable region genes except in one patient (AK6) were homologous to one of the known V germline sequences with identity ranging from 97.3 to 84.9% (Table 1 ). Thechain variable region gene from patient AK6 had 75.5% homology to the V germline sequence B2, suggesting a novel gene of the V -V family, or extensive somatic mutations. Eight, three, four and one rearranged V gene belonged to V-I, V-II, V-III and V-IV gene families, respectively ( Table 1) . Ten of the 17 assigned V genes were physically located in the J-proximal portion, when plotted on a map of the germline V locus on chromosome 2 (data not shown). One V gene was located at the B cluster. Seven and three V genes were located at the proximal L and A clusters, respectively.
Fifteen of the 16 V genes exhibited homology to one of the known germline V genes ranging from 96.9 to 83.7% (Table 1) . However, one V gene from DL1 had only 65.9% homology even to the most homologous germline V gene, 2-7. 39 This lower homology suggests this V gene is novel, while it is also possible that this gene has extensive somatic mutations and/or polymorphism. Four, five, five and one rearranged V genes belonged to the V-I, V-II, V-III, and V-VII gene family, respectively (Table 1 ).
Figure 1
Amino acid sequences of the IgL variable regions expressed in 33 MM samples. Borders of FWRs and CDRs were defined according to Kabat et al. 17 Usage of the J and J gene segments Usage of the J and J gene segments is presented in Table 1 . Usage of the J gene segments was apparently random. The J-1 segment was necessarily rearranged to the proximal V genes, whereas half of the rearranged J-5 segments were joined to the distal V genes. However, this had no statistical significance probably because of the limited number of analyzed samples. On the other hand, usage of the J segments was highly biased to J-1, J-2 and J-3 segments. Since J-2 and J-3 segments have the same sequence, we designated these two together as J -2/3 gene segments.
Somatic mutation of the IgL variable region genes
Somatic mutations of the V/ genes were determined by comparing with the most homologous germline sequences, although germline V/ gene repertoires and their polymorphism have yet to be completely characterized. In the rearranged V genes, 7.0 ± 3.9% of mutations were observed (Table 1) . In FWR and CDR, the average mutation rates were 4.1% and 8.7%, respectively. The replacement/silent mutation (R/S) ratios of the V gene were 1.43, and 1.03 and 1.84, in whole, FWR and CDR, respectively. In V gene segments, 7.8 ± 3.8% of mutations were found, and average mutation rates in the FWR and CDR were 5.6% and 12.3%, respectively. The R/S ratios of the V gene in whole, FWR and CDR 604 were 1.73, 1.52 and 1.96, respectively. The R/S ratio above 2.9 are thought to reflect antigen-selected substitutions, if the amino acids used by the germline is random. 40 However, since IgH CDRs contain codons which have a greater propensity for causing a change in the replacement mutation, it has been suggested that the expected R-mutation in each germline should be calculated to examine the antigen selection. 41 In the present study, we also calculated the expected R-mutation within FWRs and CDRs on each rearranged V and V gene ( Table 2 ). In 14 of the 16 V genes and all of the V genes, V L genes had fewer than expected R-mutations in FWRs. The overall numbers of FWR R-mutations were 71 in V and 88 in V genes, which are significantly less than the 121 and 127 expected mutations, respectively (P = 0.005 in V and P = 0.04 in V gene). In CDRs, seven of the 16 V genes and eight of the 15 V genes had greater than expected Rmutations, while these are not significant. The overall numbers of CDR R-mutations were 105 in V and 102 in V genes, which are the same as expected.
Because the germline J and J gene segments have been completely sequenced, sequence differences reflect real mutations of the rearranged J and J segments. The mutation rate of the J segments was significantly higher than that in J Figure 2 shows the relationship between the amino acid position of the -and -chains, and the incidence of mutation. Notably, the mutations of the J segments were distributed only in their FWR-4 portions, whereas those of the J segments were in both CDR-3 and FWR-4 portions (Figure 2 ). On close inspection, the incidence of the mutations in FWR-4 was found to differ from codon to codon. There was no nucleotide mutation at codons 98, 99 and 102 and the -chain, nor at codons 98, 105 and 106 of the -chain. Furthermore, replacement mutations were remarkably clustered at codon 106 of the -chain, and codon 103 of the -chain (Figure 2 ). Kabat et al 17 have reported that codon 106 in the -chain and 103 in the -chain are the most variable in FWR-4, suggesting that this finding is not specific for MM.
Junctional sequence of V-J and V-J rearrangements
All V-J and V-J junctional sequences were in-frame. Nucleotide deletions at the 5Ј coding end of the J gene segments were observed in 10 of the 17 J and eight of the 16
Figure 2
Somatic mutations in the rearranged J and J gene segments. The cumulative number of V/ genes with a mutation at each codon encoded by the J and J gene segments is presented. Silent and replacement mutations are indicated by open and closed boxes, respectively. J segments ( Table 1 ). The average number of deleted nucleotides in the J and J segments was 0.94 ± 0.97, ranging from 0 to 3, and 1.5 ± 2.1, ranging from 0 to 6 nucleotides, respectively. Deletion of the 3Ј end of the V genes seemed to occur more frequently in -chain than in -chain, although the exact 3Ј border of V/ germline genes was not necessarily determined (data not shown). Possible N nucleotide addition was found at two V-J (BK2 and GK6) and five V-J (BL3, DL3, DL4, GL3 and GL5) junctions (Figure 3) .
Based on the terminology of Kabat et al, 17 the CDR-3 of the -and -chains was defined as spanning codons 89 to 97. The length of the -chain CDR-3 (10.6 ± 1.5 amino acids) was longer (P Ͻ 0.001, modified Student's t-test) and more variable than that of the -chain CDR-3 (9.1 ± 0.3 amino acids).
Correlation of the variable region genes between IgL and the paired IgH
We have previously sequenced the IgH variable region genes expressed in MM samples used in this study. 42 Accordingly we analyzed the pairing pattern of IgH and IgL variable region genes from the view point of gene organization and mutation. However, there was no preference in the pairing of IgH and IgL (Table 1) . Mutation rates of the V/ and V H genes did not correlate (data not shown), nor did those of the J/ and J H segments (Table 1) .
Relationship between clinical features and the IgL sequences
Three patients (BK2, BL4 and DL3) presented with plasma cell leukemia at diagnosis. Seven patients (BK3, AK5, DK1, GK5, GK6, DL1 and DL3) had renal dysfunction in which the serum creatinine level was over 2.0 mg/dl at diagnosis, and five (BK3, DK1, GK5, GK6, and DL1) of the seven underwent hemodialysis later (Table 1) . There was no relationship between the clinical features and the organization and mutation of the IgL variable region gene. In the light chain deposition disease which reportedly causes renal dysfunction, it has been suggested that an unusual sequence and/or glycosylation of the -chain is related to the pathogenesis. 43, 44 However, in the patients with renal dysfunction, no common structure of IgL was observed. A potential N-glycosylation site, Asn-Phe-Thr at codon 70, 44 was found in only one patient AK4 (Figure 1 ), whose renal function was normal. Furthermore, the V germline A27 gene was used in two patients (AK5 and GK2), but only the former had renal dysfunction.
Discussion
Usage of the V/ genes and J/ segments
The human Ig -chain locus is located on the short arm of chromosome 2, and consists of at least 76 mapped V genes, five J segments and a constant region gene. 21, 45 The V germline genes were divided into seven families (I-VII) by sequence homology. 17 As to the V family gene usage in human normal B cells, V-I and V-II families are most frequently used, followed by V-III and V-IV, and the remaining families are rarely used. 46, 47 In human lymphoproliferative disorders, including six acute lymphoblastic leukemia, 11 chronic lymphocytic leukemia, 23 malignant lymphoma and three MM, V-I family was predominantly used (59%),and V-II (15%), V-III (13%), and V-IV (16%) families were used equally. 46 The usage of the V gene families in normal and malignant B cells essentially reflects the size of each V family member. In this study, genes of the V-I family were predominantly used (50%), followed by those of the V-II (18.8%) and V-III (25.0%) family, as in previous reports except for underutilization of the V-IV family genes. A previous study of lymphoproliferative disorders showed that V-IV family genes were frequently observed in the rearranged -chain gene of the -chain producing cells. 48 In this study, rearrangements of the -chain gene were analyzed in -chain producing MM, and this may be associated with the under-utilization of V-IV family. In chronic lymphocytic leukemia cells, HUMKV325 (A27) V germline gene, which has rheumatoid factor specificity, has been preferentially found. 49, 50 In MM, no biased V segment usage was detected.
Human V locus has a characteristic physical feature. Within 50 kb upstream of the J gene cluster, three germline V genes (B1, B2 and B3), members of the V-IV, -V and -VII family respectively, are located, and this locus is called the B region. In the locus further upstream, there are two duplicated megabase blocks (J-proximal and distal), each of which contains about 35 V genes and is divided into three regions: L, A and O. The V genes in the distal block lie in inverted orientation with respect to the proximal block and J segments. Most of the rearranged V segments have been assigned to the J-proximal germline V segments, 24 and the present study supports this assignment. Two likely reasons for the biased usage are: (1) most V segments in the proximal region rearrange by a deletion mechanism, whereas those in the distal region require an inversion mechanism, which might lead to an unsuccessful rearrangement. (2) The relative distances of the proximal and distal regions from the J genes may influence the biased V segment usage. This mechanism, the so called 'one-dimensional tracking model', has been proposed in the rearrangement of the IgH variable region genes,
Figure 3
V-J junctional sequences with N nucleotides. Germline counterparts of the V gene and J segments are shown in parenthesis. Identical and deleted nucleotides are indicated by dots and dashes, respectively. Since the V and J genes from patient DL3 had no homology at the 3Ј end and 5Ј end, respectively, 27 nucleotides at the V/J junction were tentatively assigned as an N region.
especially at the earlier stage of B cell ontogeny. 51, 52 The data that both J-distal V genes rearranged to the J-5 segment supports the possibility of secondary rearrangements in the locus, although the number of sequences analyzed was limited. In the rearrangement of the IgH gene, the usage of J H segments revealed a developmental stage-specific trend. [7] [8] [9] [10] [11] [12] [13] At the earliest stage of B cell development, the initial D-J H rearrangements predominantly occur between D H Q52 and J H -1 segments which are located close to each other. 53 During B cell development, a second or a third D-J H joining might occur, then the more 5ЈD segments and more 3ЈJ H segments would join at a later stage. 54 However, V genes locating in the distal region risk unsuccessful rearrangement because of the inverted orientation of the V genes. Thus, only a limited number of productive V-J rearrangements might result from the secondary rearrangement.
The human -chain locus is located on the long arm of chromosome 22. In contrast to the -chain locus, each J segment is associated with one respective constant gene. 37 The V germline genes have been recently reclassified into 10 families (I-X) on the basis of conserved key amino acids and nucleotide sequences. 36, 55 More recently, the entire human Ig gene locus has been sequenced, and 36 potentially active V gene segments have been determined. 38, 39 However, in this study, one V gene from DL1 had only 65.9% homology even to the most homologous germline gene, suggesting a novel V gene or extensive somatic mutations and/or polymorphism. Usage of the V-I, -II, and -III families might also reflect the genomic complexity of the V families. On the physical map of the Ig locus, 10 V genes from MM cells were assigned to region I, the region most proximal to the J-C locus. The remaining five V genes from MM cells were assigned to region III, and all of them rearranged with the J-2/3 gene. The relatively preferential usage of the V genes in region I might be also influenced by the physical distance from the J-C locus as in the IgH and Ig gene loci. Of note is that all V genes in region III rearranged with the J-2/3 gene, and that the V-J junctions were well modified. This result suggested secondary V-J rearrangement. On the other hand, the bias of J segments to J-1 and J-2/3 might be induced by the unique structure of germline J genes. Three of the seven J segments (J-4, 5, and 6) are pseudogenes, and seven tandem J-C regions span approximately 30 kb. 37 Somatic mutations in the IgL gene Somatic mutations contribute to the diversification of the rearranged Ig genes and are important for affinity maturation during B cell development. The degree of mutation may reflect the developmental stage of B cells, and analysis of somatic mutations in malignant cells could indicate the stage at which malignant transformation took place. The V genes from chronic lymphocoytic leukemia, prolymphocytic leukemia and hairy cell leukemia are rarely mutated or conserve germline sequences. 56 More highly mutated V genes have been observed in Waldenströ m's macroglobulinemia and MM. 56 In our studies, the V/ genes mutated at 7.0 ± 3.9% and 7.8 ± 3.8%, respectively, supporting the previous data. In V H genes of MM clones, R-mutations in CDRs were greater than expected, while those in FWRs were significantly fewer. 41 This suggested the structural necessity of FWRs for a functional antibody molecule. Fewer R-mutations than expected in FWRs of V L genes were in agreement with V H genes, although R-mutations in CDRs were not greater than predicted by chance. This discrepancy might be due to the lower R-mutations in the paired V H genes. 42 It is possible that this is due to the underestimation of somatic mutations, since we did not determine the exact germline V L genes in each patient.
Somatic mutations were more frequently observed in the rearranged J than rearranged J segments, and distribution patterns differed between J and J segments. While mutations of the J segments occurred in the FWR-4 portions, those of the J segments occurred in the CDR-3 and FWR-4 portions. Furthermore, R-mutations were clustered at codon 106 in the J segments, and at codon 103 in the J segments. Our study supported the previous finding that -chains conserved Phe and Thr at codons 98 and 102, respectively, 57 suggesting that these conserved codons reflect the structural requirement for -chain and/or the association with IgH during B cell maturation. In the J H gene segments of MM samples, frequent Rmutations have been observed at codon 102: 58 in six of 28 MM samples in our study. 42 The significance of amino acid replacement in FWR-4 has not been determined. The extremely high R/S ratio on these codons suggests that amino acid replacements even in FWR modulate the antigen-binding affinity and/or specificity.
Junctional sequence of the V-J and V-J rearrangements
Nucleotide deletions of the 5Ј coding end of the J and J gene segments were observed in about half the MM samples. So far it has been reported that no in-frame V-J junctions delete more than four nucleotides, 59 and that nucleotides are never deleted in in-frame V-J junctions. 57 However, the present study showed that deletions of up to six nucleotides could occur in in-frame V-J junctions. These findings are explained by a structural necessity for conserving codon 97, Thr, in -chain and codon 98, Phe, in -chain, that would result in negative selection against further nucleotide deletion from the J and J segments. On the other hand, codon 96 which is most variable in -chain was thought to be generated mainly by the junctional deletion and flexibility of the J segments.
N nucleotide addition considerably increases the diversity of the IgH CDR-3. However, most of the V-J and V-J junctions reportedly lack N nucleotides. 48, 56, 57, 59, 60 We found possible N nucleotide additions in two V-J and five V-J junctions, although the incidence of N addition was far less than in the IgH genes. The lack of N nucleotides is explained by the fact that terminal deoxynucleotidyl transferase (TdT) is no longer expressed at the stage of IgL gene rearrangement. 61 Recently, it was shown that in a small subpopulation, -chain loci have already rearranged at the early stage of B cell development at which IgH gene rearrangement occurs. 61, 62 In addition, the V-J junctions in this population did not contain N nucleotides, indicating a limited number of N nucleotides in -chain even when TdT is present. 61, 62 The length of -chain CDR-3 was almost fixed at nine amino acids, whereas that of -chain was slightly longer and varied. Therefore, defects of N nucleotides in the IgL genes seem to be associated not with B cell stage but the structural necessity of the IgL molecule.
Comparison of the clinical features and IgL sequences
Renal dysfunction, one of the most critical complications in MM, is induced mainly by exhaustion of the tubular absorption capacity of IgL molecules followed by deposition of IgL. Secondary amyloidosis is another cause of nephropathy, which is more common in -producing myeloma. In light chain deposition disease, an MM-associated amino acid sequence, observed in a deposited -chain of abnormal size with glycosylation, has been speculated to play a role in the pathogenesis. 43 It has been reported that somatic mutation of the V-IV family gene, which was deposited in the kidney, resulted in a potential N-glycosylation site. 44 However, one patient (UPN-AK4), whose V gene had such a potentially Nglycosylated site, did not have renal dysfunction. Thus, we could not find a clear correlation between the primary sequence of IgL and nephropathy. However, the nephropathy has been suggested to depend on the physicochemical character of the IgL molecule itself. 15 A number of factors, including the amount of BJP synthesized, secondary modification of the deposited protein and serum calcium level, might be associated with the renal dysfunction in MM. Further characterization of IgL sequences is necessary to clarify this issue.
